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Abstract

Introduction. Extracellular matrix (ECM) proteins have been associated with atherosclerotic complications,
such as plaque rupture, calcification and aneurysm. It is not clear what role different types of collagen play in
the pathomechanism of atherosclerosis. The aim of the study was to analyze the content of elastin and major
types of collagen in the aortic wall and how they associated are with course of atherosclerosis.

Material and methods. In this work we present six biochemical parameters related to ECM proteins and collagen-spe-
cific amino acids (collagen type I, III, and IV, elastin, proline and hydroxyproline) analyzed in 106 patients’ aortic
wall specimens characterized by different degree of atherosclerosis. Liquid Chromatography Electrospray Ionization
Tandem Mass Spectrometry (LC/ESI-MS/MS), ELISA and immunohistochemical methods were used. The severity of
atherosclerosis was assessed on the six-point scale of the American Heart Association, taking into account the number
and location of foam cells, the presence of a fatty core, calcium deposits and other characteristic atherosclerotic features.
Results. The results show that there is a relationship between the content of collagen-specific amino acids and devel-
opment of atherosclerosis. The degree of atherosclerotic lesions was negatively correlated with the content of proline,
hydroxyproline and the ratio of these two amino acids. Calcium deposits and surrounding tissue were compared and
it was demonstrated that the ratio of type I collagen to type III collagen was higher in the aortic tissue than in aortic
calcification areas, while the ratio of collagen type I1I to elastin was smaller in the artery than in the calcium deposits.
Conclusions. We suggest that increase in collagen type III presence in the calcification matrix may stem from
disorders in the structure of the type I and III collagen fibers. These anomalous fibers are likely to favor ac-
cumulation of the calcium salts, an important feature of the process of atheromatosis. (Folia Histochemica et
Cytobiologica 2021, Vol. 59, No. 1, 8-21)
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ECM in aorta and atherosclerosis

tural and stable protein, with a long half-life span.
This protein defines biomechanical properties of the
tissues, e.g. tensile strength of arteries subjected to
a high blood pressure. At the same time it is a protein
that is being constantly modified and it is interact-
ing with other tissue proteins. These features are
important to providing homeostasis in the arteries
and any alteration in that equilibrium can lead to
the development of atherosclerosis. Contribution of
collagen to the onset of atherosclerosis is complex.
It includes formation of the scaffolds for modified
lipoproteins, growth factors, advanced glycation end
products, it is required for macrophage accumula-
tion, proliferation and migration of smooth muscle
cells or clot formation [1, 2]. Collagen molecules
are constantly undergoing degradation by matrix
metalloproteases (MMPs), released among others
by macrophages located in atheromatous plaques,
weakening structure of the arteries. Its production
may be stimulated or inhibited. Excessive metallo-
proteinases lead to atherosclerotic plaques being
unstable, but their under-expression may lead to
collagen accumulating in the form of fibrous caps,
which has a significant impact on stiffening of the
artery structure [2]. Twenty-eight types of collagen
have been identified and described. The types I,
III, and IV of collagen were selected here for their
predominant presence and for functional importance
in formation of the extracellular matrix.

Elastin is another key building block in the connec-
tive tissue, particularly important for the arteries’
elasticity, allowing their return to original shape
after stretching of the blood vessels. Such properties
are determined by the presence of intramolecular
desmosine bonds formed from three aldehyde de-
rivatives of lysines with unchanged lysine residue.
Elastin, in contrast to collagen, represents one genetic
type; also, no elastin posttranslational modifications
such as hydroxylation of lysines or glycosylation were
observed [1].

There has been ongoing effort to establish what
role specific types of collagen play and how the
ECM proteins contribute to cardiovascular physi-
ology and pathophysiology, particularly within the
pathomechanism of atherosclerosis. The reports

on ECM’s role and on how the content of collagen
and elastin in the arteries affects the severity of
the atherosclerosis are inconclusive; it is not even
clear whether the amount of collagen and elastin
increases or decreases with the development of
atherosclerosis [3—10]. The aim of this study was
to define relationships between different types of
collagen (I, III, IV) and elastin in arteries at various
stages of atherosclerosis.

Material and methods

Human samples and their classification. The studied biolog-
ical material consisted of 106 fragments of the abdominal or
thoracic aorta sections collected during forensic and medical
autopsies performed at the Department of Forensic Medicine
of Wroclaw Medical University, Poland. Each sample was
from a different patient. The samples came from people
who died suddenly, aged 55 = 15 years (mean + SD); 73%
of them were men and 27% women. A formal requirement
for the consent was met and the study was approved by the
Bioethics Committee of the Wroclaw Medical University
(No 220/2010). The probes were divided into six stages of
atherosclerosis, following the American Heart Association
scale of Atherosclerosis [11-13]. The classification was carried
out independently by two Co-authors (A. K. and A. Ch.). The
stages were defined as: I — early lesions, IT — fatty streaks,
III— pre-atheroma, IV — atheroma, V — fibroatheroma, VI
— ruptured lesion, calcified lesion or fibrotic lesion. Samples
were subdivided into those in which macroscopically visible
calcification were observed (n = 31) and to samples with
no visible calcification (n = 49) (in the remaining 26 cases,
there were no calcification data available, so they were not
analyzed in this respect). Examples of an uncalcified aorta
calcified aorta, and an isolated calcium deposit are shown
in Figure 1. In the group of calcified samples, in 16 of them
a large deposit of calcium was visible so that it was prepared
and analyzed independently of the rest of the samples. Sam-
ples were subjected to qualitative immunochemical (IHC)
staining and quantitative analysis by ELISA (enzyme-linked
immunosorbent assay) and liquid chromatography combined
with tandem mass spectrometry (LC-ESI-MS/ MS). Reagents,
unless indicated otherwise in the text, were purchased from
POCH (Gliwice, Poland) and SigmaAldrich (Saint Louis,
MO, USA).

Figure 1. Macroscopic view of an uncalcified wall of aorta (A), a calcified wall of aorta (B) and the isolated calcium deposit (C).

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0002

ISSN 0239-8508, e-ISSN 1897-5631

https://journals.viamedica.pl/folia_histochemica_cytobiologica



10

Quantification of collagens type 1, type III, type IV and
elastin content in aortas’ fragments by ELISA. The sam-
ples about 5 mm X 5 mm X 3 mm were homogenized in
extraction buffer (10 mM Tris, 5 mM EDTA, 0.2 M NacCl,
pH 7.5) using a homogenizer FastPrep-24® (MP Biomedi-
cals, Santa Ana, CA, USA) and the weight to buffer volume
ratio of 100 mg/1 ml was kept constant. The 96-well Maxi-
sorp plates (Nunc®, SigmaAldrich, Darmstadt, Germany)
were coated with the homogenates. Standard solutions of
collagen type I (Millipore, Billerica, MA, USA, cat. no.:
CC050), collagen type III (Millipore, cat. no.: CC054),
collagen type IV (Millipore, cat. no.: CC076), elastin (Sig-
maAldrich, cat. no.: E6902) were tested for the reference.
The coating was carried out for 24 h at 4°C. Next, the plates
were blocked with 10% skim milk in PBST (PBS — phos-
phate buffered saline, 0.1% Tween 20) overnight at 4°C.
To detect collagens and elastin corresponding antibodies
were applied: mouse monoclonal IgGlanti-collagen type I
(Novus Biologicals, Abingdon, UK, clone COL1, cat. no.:
NB600-450, 1:2000), mouse monoclonal anti-collagen type I11
(SigmaAldrich, clone FH-7A, cat. no.: C7805, 1:4000),
mouse monoclonal anti-collagen type IV (SigmaAldrich,
clone COL-94 cat. no.: C1926, 1:2000) or rabbit policlonal
anti-elastin (Santa Cruz, Santa Clara, USA, clone H-300,
cat. no.: sc-25736, 1:4000). After 2 h incubation secondary
monoclonal anti-mouse IgG-HRP (H+L) (JacsonImmu-
no Research, West Grove, USA, cat. no.: 309-035-082,
1:5000) or anti-rabbit IgG-HRP (H+L) (JacsonImmuno
Research, cat. no.: 111-035-045, 1:3000) was applied. After
1.5 h incubation the colorimetric reaction was developed
using o-phenylenediamine (SigmaAldrich) and absorbance
measured at 450 nm on EnSpire Multimode Plate Reader
(Perkin Elmer, Waltham, MA, USA). The concentration
of proteins in the homogenates was calculated from the
standard curves obtained for individual standard solutions
of collagens and elastin.

Immunohistochemistry. Tissue and isolated purified calcium
deposit samples were fixed in 4% paraformaldehyde and
embedded in paraffin. The paraffin blocks were cut into 5 um-
thick sections. They were next deparaffinized by immersing
them in xylene, followed by washing the slides with a series of
alcohol dilutions (100%-50% ethanol). To expose the antigen
the slides were incubated with proteinase K (Dako, Santa
Clara, CA, USA, cat. no.: S3020) for 10 min at 37°C and treat-
ed with Real Peroxidase-Blocking Solution (Dako, cat. no.:
S2023) for 10 min and Protein Block (Dako, cat. no.: X0909)
for 15 minutes. In the following step solutions of antibodies
were applied: mouse monoclonal IgGlanti-collagen type I
(Novus Biologicals, clone COL1, cat. no.: NB600-450, 1:2000),
mouse monoclonal anti-collagen type III antibody (Santa
Cruz, clone 3A1, cat. no.: sc-271249, 1:50), mouse monoclonal
anti-collagen type I'V (SigmaAldrich, clone COL94, cat. no.:
C1926, 1:1000), mouse monoclonal anti-elastin (Santa Cruz,
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clone BA-4, cat. no.: sc-58756, 1:50), and slides incubated
overnight at 4°C in a humid glass chambers. Finally, the im-
munocomplexes were visualized using the DAKO LSAB kit +
System-HRP), successively with Biotynylated Link Universal,
Streptavidin-HRP, DAB (diaminobenzidine) + substrate
buffer with DAB + Chromogen, and following the general
method guidelines. Delafield hematoxylin was used as the
counterstain. Then the slides were immersed and closed with
the glass coverslip using DPX (Aqua Medica, Lodz, Poland).
The samples were analyzed with the light-field Olympus
BXS51 microscope (Olympus, Tokyo, Japan). For control of
unspecific binding of secondary antibodies we made control
incubations by omitting the primary antibody. These control
experiments were negative.

Liquid chromatography electrospray ionization tandem
mass spectrometry (LC-ESI-MS/MS) analysis. Lipids were
removed from the aortic samples by incubating them in the
mixture of 30 uL of water and 300 uL of methanol-chloro-
form (2:1v/v) and centrifugation at 15 811 rpm, 15 min, 4°C.
The precipitate was treated with 380 uL. methanol-chloro-
form-0.2 M HCI (2:1:0.8), followed by centrifugation and
lyophilization. Precipitate was suspended in 500 wL of 6M
HCI and incubated at 116°C for 18 h. After the hydrolysis
samples were dried with nitrogen and the precipitate was
triturated with methanol, followed by drying with a stream of
nitrogen. The resulting pellets were resuspended in 200 uLL
of acetonitrile-water (1:1) containing 0.5 ug/mL glycyl-
phenylalanine used as internal standard and centrifuged
at 12000 rpm (7 min, 20°C). The supernatant was filtered
through 0.2 uwm syringe filters and then diluted 10-fold with
acetonitrile-water (1:1) to reduce the possibility of interfac-
ing the analyte with the matrix. Quantitative measurements
of proline (Pro) and hydroxyproline (ProOH) were made
using a set of Acquity nanoUPLC Liquid Chromatographs
equipped with Waters’ Xevo G2 Q-TOF mass spectrometer
(Waters, Milford, MA, USA). For the separation of samples,
aHSS T3 column (1 X 50 mm; 1.8 um particle size) was used
(Waters). The chromatographic separation was carried out
at 80 wL/min. The column was thermostated at 40°C. The
total chromatographic separation time, together with the
time needed to regenerate the column, was 3 min. The mo-
bile phase components were 0.1% formic acid in acetonitrile
(component A) and 0.1% formic acid in water (component B).
Spectrometric measurements were performed using an
electrospray ion source, in positive ionization mode, and in
function MS/MS in high resolution. In order to ensure high
accuracy of molecular mass readings, leucine enkephalin was
used as internal standard. During the analysis of the fragmen-
tation spectra, the characteristic daughter ions were sought:
70.06 m/z for proline (parent ion: 116.07 m/z; collision energy:
12.5eV); 86.06 m/z for hydroxyproline (parent ion: 132.06 m/z,
collision energy: 12.5 eV) and 120.08 m/z for glycyl-L-phe-
nylalanine (parent ion: 223.10 m/z, collision energy: 19 eV).
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Statistical analysis. The statistical analysis was performed
using statistical package R for Windows (version 3.1.2)
(R Core Team, Vienna, Austria). Correlations of individ-
ual parameters were calculated by Spearman correlation
method. The Mann-Whitney test was used to investigate
the association of individual atherosclerotic scales with
protein content. Kruskall-Wallis test with post-hoc analysis
of multiple repetitions with Bonferroni correction was
used to analyze the association of atherosclerosis with all
analyzed biochemical parameters. To compare the average
protein content in calcium deposits and arteries, the Fisher
test and Student’s t-student tests were used. Wilcoxon test
was carried out to compare paired data — calcium deposits
and non-calcined parts from the same aorta. The analysis
of the influence of sex on biochemical parameters was per-
formed using the Mann-Whitney test, and the analysis of
the difference between sex and severity of atherosclerosis
was performed using a y? test. Significance in all cases was
assumed at p < 0.05.

Results

Distribution of the studied ECM proteins in aortic
wall

Analysis of microscopic specimens with immunobhis-
tochemically stained collagen types and elastin (Figs.
2-5) showed localization of the studied proteins.

11

Type I collagen occurs in all three layers of the aortic
wall in patients with lower stages of atherosclerosis,
presenting fibers locating between cells (Fig. 2b, c).
In samples that originated from people with more
advanced atherosclerosis, type I collagen shows the
tendency to concentrate, in some samples along the
entire width of the artery (Fig. 2h) and in others in
the inner layer of the artery (not shown). Similar
localization and characteristics can be attributed to
type I1I collagen (Fig. 3). In advanced atherosclerotic
plaques type III and IV collagen was found in dense
deposits in fibrous cap (Fig. 3g and 4f, g).

In arteries collagen type IV is the major component
of the basement membrane of vascular smooth mus-
cle cells (VSMCs) and forms network connecting
ECM collagens to these cells. The protein occurs
both in the media and intima (Fig. 4). No collagen
type IV was observed in tunica adventitia with an
exception of the wall of smaller vessels (vasa vaso-
rum) (Fig. 4a, b).

In aorta at stage I of atherosclerosis elastin forms
strong and pronounced inner or/and outer elas-
tic membranes (Fig. 5, b and c). In third stage of
atherosclerosis, called pre-atheroma, and in IV
stage of atherosclerosis, the width of the intima is
strongly broadened and clear boundary between the
intima and the media disappears, as a result of lack

Figure 2. Localization of collagen type I in the wall of aortas at different stages of atherosclerosis. (a) Negative control without
primary antibody, stage II; (b, c) Stage I of atherosclerosis; (d, €) III/IV stage of atherosclerosis; (f) calcium deposit; (g, h)
V/VIstage of atherosclerosis. Collagen type I was detected by immunohistochemistry and sections were counterstained with
hematoxylin (blue-purple) as described in Methods. Abbreviations: I — intima, M — media, A — adventitia, CD — calcium

deposit. Scale bars: 1000 um (a, c, e, f, h) and 200 um (b, d, g).
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Figure 3. Localization of collagen type III in in the wall of aortas at different stages of atherosclerosis. Immunohistochem-
istry of representative sections with anti-collagen type III antibody (DAB, brown) and with hematoxylin counterstaining
(blue-purple). (a—c) I stage of atherosclerosis; (d, e) ITII/IV stage of atherosclerosis; (f) calcium deposit; (g, h) V/VI stage of
atherosclerosis. Abbreviations: I — intima, M — media, A — adventitia, CD — calcium deposit, VV — vasa vasorum. Scale
bars 1000 um (b, e, f, g) and 200 um (a, ¢, d, h).

Figure 4. Localization of collagen type IV in the wall of aortas at different stages of atherosclerosis. Immunohistochem-
istry of representative sections with anti-collagen type IV antibody (DAB, brown) and with hematoxylin counterstaining
(blue-purple). (a, b) I stage of atherosclerosis; (c, d) III/IV stage of atherosclerosis; (e) calcium deposit; (f, g) V/VI stage of
atherosclerosis. Abbreviations: I — intima, M — media, A — adventitia, CD — calcium deposit, VV — vasa vasorum. Scale
bars 1000 um (b, c, e, f) and 200 um (a, d, g).

of prominent internal elastic membrane (Fig. 5d). Sections of aortic wall with calcium deposits (Fig. 2f,
In more advanced stages of atherosclerosis elastin  4e, 5f) show a trace presence of type I collagen, type
forms pseudomembranes passing between the cells, IV collagen and elastin; however, type III collagen
especially in the media (Fig. Sh, i). fibers (Fig. 3f) are present in a relatively large amount.
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Figure 5. Localization of elastin in the wall of aortas at different stages of atherosclerosis. Immunohistochemistry of rep-
resentative sections with anti-elastin antibody (DAB, brown) and with hematoxylin counterstaining (blue-purple). (a—c)
I stage of atherosclerosis; (d, e) III/IV stage of atherosclerosis; (f) VI stage of atherosclerosis with space formed after
preparation-related crushing of calcium deposit; (g—i) V/VI stage of atherosclerosis. Abbreviations: I — intima, M — media,
A — adventitia. Scale bars: 1000 um (b, d, £, h), 200 um (a, e, g, i) and 100 um (c).

Analysis of correlations between stage

of atherosclerosis and biochemical parameters

We have determined correlations between stage
of atherosclerosis and the measured biochemical
parameters: as well as between the content of type
I and type III collagen, between type I and type IV
collagen, between type I collagen and elastin, between
type IV collagen and elastin and between type 111 and
type IV collagens. All correlation coefficients were
determined as positive and at medium strength (Table
1). We have also observed weak positive correlations
between hydroxyproline and type I collagen content
and hydroxyproline and total collagen content sum
(Table 1).

Consequently, it was expected that the results ob-
tained by ELISA and the LC-ESI-MS/MS methods
would converge.

The proline and hydroxyproline concentration in aor-
tic tissue was determined by liquid chromatography
coupled with mass spectrometry (LC-ESI-MS/ MS),
followed by statistical analysis with both qualitative
(Spearman’s correlation method, Table 1) and quan-
titative (Kruskall-Wallis test with repeated post-hoc
analysis with Bonferroni correction, Table 2). There
were statistically significant associations between de-
gree of atherosclerosis and concentration in arterial
tissue of proline content (very weak negative corre-
lation, r = —0.0436), hydroxyproline (weak negative
correlation, r = —0.224), proline to hydroxyproline
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ratio (weak negative correlation, r = —0.391) and
age (weak positive correlation, r = —0.353) (Table 1).
These data indicate that as the disease progresses,
the amino acids present in the collagen, and thus the
protein content itself, fall. No statistically significant
correlation was observed between the collagen types
or elastin and degree of atherosclerosis (Table 1).

Analysis of the influence of sex on biochemical
parameters and advanced degree of atherosclerosis
No relationship was observed between the gender and
the content of the analyzed ECM proteins. Also, no
difference was found between the degree of athero-
sclerosis between women and men (data not shown).

Analysis of correlations between individual
parameters

We have determined a correlation between the follow-
ing biochemical parameters, i.e. between type I and
type Il collagen, between type I and type IV collagen,
between type I collagen and elastin, between type IV
collagen and elastin and between type III and type IV
collagens. All correlation coefficients were determined
as positive and at medium strength (Table 1). We have
also observed weak positive correlations between hy-
droxyproline and type I collagen content and hydroxy-
proline and collagen sum (Table 1). Consequently, it
was expected that the results obtained by ELISA and
the LC-ESI-MS/MS methods would converge.

https://journals.viamedica.pl/folia_histochemica_cytobiologica
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Table 1. Spearman correlation analysis between the studied biochemical parameters in aortic samples and between stage of
atherosclerosis (n = 106) as well as between pairs of indicated parameters. Statistically significant results are marked by an
asterisk. The levels of collagen type I, III, IV and elastin were measured by ELISA, and the levels of proline and hydroxy-

proline by LC-ESI-MS/MS.

Pair of parameters r P
Collage type I: collagen type 111 0.619 < 0.0001*
Collagen type I: collagen IV 0.437 < 0.0001*
Collagen type I: elastin 0.527 < 0.0001*
Collagen type IV: elastin 0.357 0.0002*
Collagen type III: collagen IV 0.612 < 0.0001*
Collagen type III: elastin 0.543 < 0.0001*
Collagen type I: hydroxyproline 0.237 0.0259*
Collagen type III: hydroxyproline 0.175 0.1046
Collagen type IV: hydroxyproline 0.059 0.5822
Elastin: hydroxyproline 0.109 0.322
Sum of the collagens: hydroxyproline 0.214 0.0455*
Collagen type I: stage of atherosclerosis 0.00918 0.9270
Collagen type III: stage of atherosclerosis —0.178 0.0753
Collagen type IV: stage of atherosclerosis -0.0915 0.3606
Elastin: stage of atherosclerosis -0.043 0.6708
Proline: degree of atherosclerosis —-0.0436 < 0.0001*
Hydroxyproline: degree of atherosclerosis -0.224 0.0391*
Pro/ProOH? ratio:degree of atherosclerosis of atherosclerosis -0.391 0.0002*
Age: degree of atherosclerosis 0.353 0.0003*

“Pro, proline, ProOH, hydroxyproline

Comparison of parameters between isolated
calcium deposits and uncalcified aortic tissue

The collagens and elastin contents in the sections of
the arteries and in the calcium deposits were deter-
mined by ELISA and summarized in Table 3. It is
noteworthy that in calcium deposits the determined
values are several times lower than in arteries, al-
though the percentage content of individual collagens
and elastin for both groups of samples remains largely
similar (Table 3). Differences in mean values between
aortic walls and calcium deposits in the case of individ-
ual analyzed parameters are statistically significant ex-
cept for the difference in the average collagen type I11
content (Table 3). The greatest difference is observed
for type IV collagen — in calcium deposits its percent-
age is several times lower than in the artery.

Comparison of parameters between calcified
samples with and without signs of calcification

In addition to the analysis of depleted calcium de-
posits, a division was also made between arterial
samples based on whether they were calcified or
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not. We have found that the samples with calcifica-
tions are characterized by significantly lower pro-
line content and ratio of proline to hydroxyproline
(Table 4). Calcified samples were also derived from
significantly older individuals and more advanced
atherosclerosis than samples without calcification
(Table 4). Comparison of calcium deposits with sur-
rounding tissue revealed that calcium deposits had
lower content of the extracellular matrix proteins
(collagen type I, IV, elastin) and lower ratio of type
I collagen to type III collagen (Table 5). However,
in samples with calcium deposits three parameters
are statistically higher than in surrounding tissues.
They are: the ratio of collagen type I to elastin, the
ratio of type III to type IV collagen and the ratio of
type III collagen to elastin (Table 5).

Discussion
The structure of collagen and elastin shows a high

degree of organization, which in turn determines the
biological properties of these proteins. Even a small
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Table 2. Results of analysis differences between mean values of the analyzed parameters in aortic samples depending on the
severity of atherosclerosis (Kruskall-Wallis test with post-hoc analysis of multiple repetitions with Bonferroni correction).
Statistically significant results are marked by an asterisk. The levels of collagen type I, III, IV and elastin were measured by
ELISA, and the levels of proline and hydroxyproline by LC-ESI-MS/MS.

Stage of athero- 1 2 3 4 5 6
sclerosisis

N 16 22 24 17 14 9

Age [years]

Mean * SD | 37.19 = 14.72 | 5491+ 14.80 | 58.00+ 12.33 | 65.24+ 13.34 | 54.71% 15.69 | 61.44+ 11.49
P | 0.000*

Collagen type I [ug/mg of tissue]

Mean * SD | 15.24 + 9.31 | 12.77+ 5.95 | 12.86+ 6.97 | 11.73+ 7.35 | 16.06+ 9.09 | 13.92+ 5.90
p | 0.672

Collagen type III [ug/mg of tissue]

Mean * SD | 445 £ 3.02 | 3.04 = 1.60 | 2.94 £ 1.98 | 2.87 = 1.53 | 3.09 = 1.50 | 2.35 = 0.96
p | 0.284

Collagen type IV [ug/mg of tissue]

Mean + SD | 3.61+2.75 | 3.03+2.72 | 215+ 225 | 245+ 1.33 | 2775+ 1.58 | 243+ 1.54
p | 0.199

Elastin [ug/mg of tissue]

Mean + SD | 18.93 + 8.74 | 12.73 = 6.70 | 15.97 + 6.95 | 15.53 £ 12.24 | 20.87 + 16.52 | 14.14 = 7.40
p | 0.314

Sum of collagens type I, III and IV [ug/ml of tissue]

Mean + SD | 23.57 £ 12.60 | 19.03 £ 9.00 | 18.05 = 9.86 | 17.38 £ 8.73 | 22.24 = 11.01 | 19.05 = 7.48
p | 0.567

Proline (Pro) [ug/mg of tissue]

Mean + SD | 11.32 £ 3.58 | 13.04 £5.25 | 9.15 = 3.84 | 7.87 = 4.47 | 8.05 = 5.46 | 6.11 = 4.21
p | 0.002 (2vs. 5p =0.037; 2vs. 6 p = 0.037)*

Hydroxyproline (ProOH) [ug/mg of tissue]

Mean + SD | 5.75 £ 2.45 | 6.55 £ 3.21 | 4.62 =213 | 420 £ 2.20 | 5.05 £ 3.45 | 413 £2.89
p | 0.21

Ratio Pro/ProOH

Mean + SD | 2.11 £ 0.53 | 2.08 = 0.40 | 2.03 = 0.36 | 1.81 = 0.42 | 1.67 = 0.44 | 1.59 = 0.45
p | 0.008 2vs. Sp =0.11; 2vs. 6 p = 0.12)*

The results are mean = SD. The concentration of the studied compound was studied in aortic wall samples as described in Methods.

change in protein structure or in the expression of
one of the ECM component, may change the ratio
between individual proteins and lead to significant
physiological disturbances. It has been postulated that
especially aberrations in the structure and amount of
collagen types I and III can result in atherosclerosis
or hypertensive heart disease [14—17] while changes
within the elastin fibers may lead to supraventricular
stenosis, hypertension or aneurysm [14]. Our previous
study referred to the role of collagen in the arteries in
the context of glycation [18] and another one shows
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that there is a relationship between the content of type
II collagen and the degree of atherosclerosis [19]. In
the present study the object of interest are other types
of fibrillar collagens, i.e. type I and type 111, type IV
collagen and elastin.

Progression of the atherosclerosis, the loss of elastic-
ity and stiffness of the arterial walls, increases with
age. These events are probably caused by increase
in collagen content in the arteries and loss of elastin
[20]. Unfortunately, this hypothesis has not been un-
equivocally verified. In the literature on the subject
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Table 3. Mean content of collagens type I, III, IV and elastin in the samples of aortic wall and in isolated calcium deposits.
The levels of collagen type I, III, IV and elastin were measured by ELISA, and the levels of proline and hydroxyproline by

LC-ESI-MS/MS.

Aorta (n = 106) Calcium deposit (n = 16) P
Content [ug/mg % of the measured Content [ug/mg % of the measured
of tissue] proteins of tissue] proteins

Collagen type 1 13.3 = 7.44 38.05 7.32 £ 4.57 45.47 0.000*
Collagen type III 311 +1.97 8.90 229 £1.51 14.22 0.086
Collagen type IV 2.69 = 2.17 7.70 0.08 £0.76 0.50 0.000*
Elastin 15.85 = 10.12 45.35 6.41 £7.36 39.81 0.000*
Collagen to elastin ratio® 1.21:1 1.51:1

The results are mean * SD. The content of the studied compound was determined in aortic wall samples as described in Methods. Statistically
significant results refer to the difference between arteries and calcium deposits are marked by an asterisk. “Ratio of the sum of average collagens’
content to average elastin content in aortic wall.

Table 4. Comparison of the patients’ age, stage of atherosclerosis, content of extracellular matrix proteins and ratios of

selected parameters between aortic samples without with calcium deposits.

Samples without calcium Samples with calcium )4
deposits (n = 49) deposits (n = 31)
Age [years] 49.56 + 15.07 61.23 £ 12.61 0.00*
Stage of atherosclerosis [I-VI] 244 +1.29 439 = 1.17 0.00*
Collagen type I [ug/mg of tissue] 13.97 = 7.77 14.06 + 7.97 0.99
Collagen type III [ug/mg of tissue] 3.53 £ 2.46 278 £ 1.28 0.36
Collagen type IV [ug/mg of tissue] 2.90 = 2.39 228 £ 1.55 0.41
Elastin [ug/mg of tissue] 15.57 £ 853 17.94 = 13.11 0.66
Collagen type I/collagen type III ratio 4.70 = 2.50 539+ 211 0.07
Collagen type I/collagen type IV ratio 7.42 * 6.66 9.48 £9.79 0.25
Collagen type I/elastin ratio 1.69 = 4.22 1.93 = 4.03 0.48
Collagen type IIl/collagen type IV ratio 1.67 = 1.24 1.67 = 1.45 0.83
Collagen type III/elastin ratio 0.38 = 0.75 0.34 = 0.66 0.02*
Collagen type 1V/elastin ratio 0.41 = 1.33 0.26 = 0.40 0.14
Proline [ug/mg of tissue] 10.76 = 4.36 8.17 = 5.17 0.02*
Hydroksyproline [ug/mg of tissue] 5.65 £2.72 4.76 = 2.84 0.26
Pro/ProOH ratio 1.99 = 0.39 1.69 = 0.42 0.00*

The results are mean = SD. The content of the studied compounds is expressed as ug/mg of tissue. Statistically significant results are marked by an

asterisk.

there are contradicting reports, some are showing
that with progression of the atherosclerosis collagen
concentration increases [3—5], while the other reports
describe decreased content of this protein [6, 21].
Such large differences between the results described
in the literature are probably due to the fact that each
project analyzed a different study group using a variety
of methods. It is likely that these differences are also
the result of a statistical error related to too small size
of a study group. Our study group was exceptionally
large for a postmortem human study, so we conclude
that the results are reliable. In the present study no
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particular collagen type has been demonstrated to
correlate with atheromatosis (although the data sug-
gests that one of the analyzed type — type I1I — may
be associated with calcification, which sometimes
accompanies atherogenesis). The data presented here
indicate that there is a negative correlation between
the hydroxyproline content, and thus collagen, and
degree of atheromatosis. This is a novel observation,
as no publication has been found that described the
analysis of the content of proline and hydroxyproline
in human aortas depending on the degree of ather-
osclerosis. Only a report by Abdelhalim et al. found
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Table 5. Comparative analysis of the content of the studied proteins in calcium deposits and surrounding tissue in samples

taken from the same vascular wall.

Parameter Mean *= SD )4

Collagen type I Aorta (n = 16) 16.327 = 9.1889 0.0093*

[ng/meg of tissue] Deposit (n = 16) 6.854 + 4.5622

Collagen type 111 Aorta (n = 16) 3.068 = 1.3926 0.065

[ng/mg of tissue] Deposit (n = 16) 2301 = 1.5976

Collagen type IV Aorta (n = 16) 2.622 + 1.7534 0.0021*

[ng/meg of tissue] Deposit (n = 16) 0.885 + 0.7587

Elastin Aorta (n = 16) 23.682 * 14.6907 0.0001*

[ug/mg of tissue] Deposit (n = 16) 6.149 = 7.2043

Collagen type I/III ratio Aorta (n = 16) 5.828 £ 2.2741 0.018*
Deposit (n = 16) 3.352 + 1.8551

Collagen type I/IV ratio Aorta (n = 16) 11.108 = 12.4396 0.71
Deposit (n = 16) 15.682 + 30.5617

Collagen type I/elastin ratio Aorta (n = 16) 0.766 + 0.3757 0.015*
Deposit (n = 16) 12.653 = 30.9017

Collagen type III/IV ratio Aorta (n = 16) 1.701 = 1.8122 0.0042*
Deposit (n = 16) 4.726 + 5.2757

Collagen type III/elastin ratio Aorta (n = 16) 0.135 = 0.06409 0.0012*
Deposit (n = 16) 4.667 + 8.2404

Collagen type I'V/elastin ratio Aorta (n = 16) 0.132 £ 0.1144 0.3
Deposit (n = 16) 2.611 + 6.0602

The result are mean * SD, n = 16. Statistically significant results are marked by an asterisk.

a similar result in rabbits where animals on high fat di-
ets had a reduced aortic hydroxyproline content [22].
Interestingly, although elastic fibers play a key role
in the physiological functions of elastic type arteries
such as aorta and pulmonary artery, we did not found
correlation between elastin content in the wall of
aorta and the progress of the atherosclerotic process.
Other authors have reported both increased [7] and
decreased [1, 8] elastin content in aortic wall during
atherogenesis. Perhaps such ambiguous results are
again the consequence of a statistical error related
to too small size of a study group or individual dif-
ferences in another study group, although our results
indicate the simplest explanation — that there is no
direct relationship between the elastin content and
the severity of atherosclerosis.

Elastin and collagen have contrasting physical prop-
erties and the ratio of collagen to elastin should be
of particular interest since it defines mechanical
properties of the artery. According to Sakalihasan,
the ratio of collagen to elastin in normal aortas is
1.85 : 1; however, it was shown to be higher in the wall
of aortic aneurysms [23]. For our samples we have
determined an average value of 1.21: 1. In our study
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the statistical analysis did not show that this parame-
ter for individual samples was related to a degree of
atherosclerosis or age. Kong et al. [24] reported that
ratio of elastin to collagen type III was increased in
coronary arteries from patients with acute ischemic
heart disease who had a myocardial infarction (the
average age of patients with myocardial infarction was
57.4 years and did not differ statistically from the age
of control patients). Perhaps the parameter which is
the ratio of collagen to elastin is locally significant in
specific manifestations of atherosclerosis [25]. For
example, it is postulated that the ratio of collagen to
elastin in porcine arteries is an accurate predictor of
arterial burst pressure [26].

Our description of the distribution of collagens is
consistent with earlier reports [27, 28]. Generally, the
presence of collagen type I, III and IV was found in
samples of a healthy aorta and atherosclerotic lesions,
with fibrillar collagens occurring throughout the entire
cross-section of aortic wall, and type IV collagen in
intima and media as well as in the wall of vascular
adventitious vessels. Collagens of all analyzed types
have concentrated in the outer layer, forming fibrous
cap above highly advanced plaques. In the fat core
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itself, however, a decrease in both fibrillar collagen
and type IV collagen was observed.

In our project, we also analyzed the phenomenon of
calcification. It is a clinically very serious problem that
is complex in terms of etiology. It is reported that the
formation of calcium deposits occurs in association
with dyslipidemia, hypertension, uremia, glycation
associated with diabetes, dysregulated mineral me-
tabolism particularly hyperphosphatasemia, chronic
oxidative stress, and is associated with a change in
expression of fetuin-A and osteoprotegerin. We
analyzed the relationship between aortic calcification
and selected extracellular matrix proteins composi-
tion [29, 30].

Our research shows that in the deposits calcium
salts displace organic components therefore ECM
protein content in calcium deposits is lower than
in soft parts of the arteries what is consistent with
our observation. There is generally less proteins in
calcium deposits than in the wall of the vessel from
which they have been isolated. This is especially
true for collagen type I, IV and elastin. Notewor-
thy is the small difference between the contents of
type I1I collagen in the calcium deposits and in the
surrounding tissue. In the deposits, there was also
a lower ratio of type I to type III collagen. Micro-
scopic images of the calcium deposit show a promi-
nently higher immunoreactivity of type III collagen
fibers compared to trace quantities of elastin, colla-
gen I and I'V. Calcium deposits show higher than the
surrounding tissue ratio of type I collagen to elastin,
type III collagen to type IV collagen, and type III
collagen to elastin. It is somewhat intriguing, that
for most of the aforementioned parameters that
differentiate deposits and surrounding layer, when
collagen type III content appears in the denomina-
tor, the parameter is higher in the artery, whenever
itis present in the numerator, the parameter is lower
in the artery than in the calcium deposit. It is also
worth mentioning that type III collagen is the only
protein of which content is not statistically lower in
calcium deposit than in the soft part of the artery.
The data point into some relationship between oc-
currence of this protein and calcification. The col-
lagen type III seems to play a structural role in the
deposit and its content exceeds that of the elastin,
collagen type I and IV. There have been no other
studies describing the role of type III collagen in
the calcification of arteries, except for one by Kuga
et al. [31] asserting that calcification in the abdomi-
nal aortic aneurysms was most likely associated with
the breakdown of collagen type I11 fibrils [31]. There
are few premises that collagen of this type may have
a role in calcification, as it does in other tissues,
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such as bones and tendons [32, 33]. As in this study,
the results obtained by Lui ez al. in a calcified tendi-
nopathy model show that the level of collagen in
calcified tendon seems to be decreasing, while the
ratio of type III to type I collagen is increasing in
this tissue [32]. It is well known that type I collagen
is the main component of both arteries and tendons.
Type 111 collagen is a protein incorporated in fibrils
created by type I collagen. These authors hypothe-
sized that the increase in collagen type III content
in tissue undergoing calcification can be linked to
abnormalities in the fiber structure — abnormalities
that favor accumulation of calcium salts in that area
[32]. It is possible that analogous processes govern
arterial calcification.

Volk [33] drew attention to the potential impact that
type I1I collagen may have on the osteoblasts differ-
entiation. It is known that apart from soft tissues,
high expression of this type of collagen is observed
during skeletal embryonic development, and it is
also synthesized by osteoblasts in mature bones [34].
When Col3al gene was silenced in mice, i.e., type 111
collagen gene was not expressed, the onset of the
Ehlers-Danlos syndrome (EDS) was observed with
functional impairment of the soft tissues, disturbed
healing, and possibly the bone disorders [35]. It has
been found that type III collagen plays a role in the
differentiation of osteoblasts, thus conditioning the
development of the spongy bone [33]. It is likely that
this type of collagen contributes to arterial calcifi-
cation by differentiating cells from osteoblast-like
cells. However, to validate this hypothesis further
research is required.

The guiding hypothesis for this research project was
that there may be a link between the elastin content
and calcification. Such assumption comes from litera-
ture reports describing formation of calcium deposits
along elastin layers in the wall of an artery (membrana
elastica interna and membrana elastica externa) [36].
This hypothesis is further supported by the reports
showing that elastin metabolites can activate calcium
deposition in smooth muscle cells [37]. The role of
elastin in vascular calcification has also been demon-
strated by several other authors in animal models
[38-40]. However, the analysis of the data obtained
in this study has not shown a statistically significant
relationship between the content of elastin, or the ratio
of this protein to other ECM components, and the
presence of calcification foci. Immunohistochemical
staining of the aortic sections also did not show a link
between the location and organization of elastin and
calcification. Therefore, our results do not support the
thesis that elastin plays a causative role in the process
of calcium deposition in blood vessels. The lack of such
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statistically significant evidence might be related to
scarcity of calcified samples and their diversity (among
artery segments were samples representing different
types of calcification: accompanying atherosclerosis,
Monckeberg’s arteriosclerosis, elastocalcinosis).
Summarizing, the extracellular matrix of the human
aorta consists of nearly 45% of elastin and 55% of
collagen, of which the majority are fibrillary collagens
type I and III, occurring in all three layers of the ar-
tery wall. Type IV collagen accounts for nearly 10%
of all abdominal aortic collagen, located in suben-
dothelial basement membrane and also the basement
membrane of VSMCs. Quantities of collagen types
I, III and IV as well as elastin correlate positively
with other analyzed proteins of extracellular matrix.
However, in the study described here, there is no
relationship between the content of collagen type I,
IIL, IV or elastin and the degree of atherosclerosis.
Noteworthy, the weak negative correlation between
atherosclerosis and the amount of hydroxyproline is
noted, indicating a loss of collagen with the onset of
atherogenesis. The results of particular interest are
those describing the role of ECM proteins in arte-
rial calcification, and collagen type III playing both
structural and regulatory role.

Since patients with the cardiovascular diseases, par-
ticularly those caused by atherosclerosis, experience
high mortality, there is a pressing need to thoroughly
investigate how degenerative lesions in the arteries
are being formed. Further studies are also needed
to resolve contradictory reports in the literature and
unresolved question concerning the role that extra-
cellular matrix proteins may have in atherogenesis
and the interplay between various ECM components.
Such studies may have a diagnostic value and there
are already reports proposing the use of magnetic
resonance imaging, positron emission tomography
(PET) or single photon emission computed tomogra-
phy (SPECT) [41, 42] in depicting the ECM changes.
According to Jarveldinen, Kassam, Zheng and others
[14, 43-45] it is possible to influence pharmacological-
ly the matrix protein content in the walls of the blood
vessels. Therefore, such diagnostic and therapeutic
tools would become indispensable in monitoring the
progress of the treatment of cardiovascular diseases.
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